Purpose. To develop a pH-sensitive dexamethasone (Dex)-containing N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer conjugate with well-defined structure for the improved treatment of rheumatoid arthritis (RA). Methods. A new pH-sensitive Dex-containing monomer (MA-Gly-Gly-NHN=Dex) was synthesized and copolymerized with HPMA using reversible addition-fragmentation transfer (RAFT) polymerization. The structure of the resulting HPMA copolymer-Dex conjugate (P-Dex) was analyzed and its therapeutic efficacy was evaluated on adjuvant-induced arthritis (AIA) rats. Results. P-Dex was synthesized with controllable molecular weight and polydispersity index (PDI). The Dex content can be controlled by the feed-in ratio of MA-Gly-Gly-NHN=Dex. The P-Dex used for in vitro and in vivo evaluation has a average molecular weight (M w ) of 34 kDa and a PDI of 1.34. The in vitro drug-release studies showed that the Dex release from the conjugate was triggered by low pH. Clinical measurements, endpoint bone mineral density (BMD) test and histology grading from the in vivo evaluation all suggest that newly synthesized P-Dex has strong and long-lasting anti-inflammatory and joint protection effects. Conclusions. A HPMA copolymer-dexamethasone conjugate with a well-defined structure has been synthesized and proved to be an effective anti-arthritis therapy. It may have a unique clinical application in the treatment of rheumatoid arthritis.
INTRODUCTION
Rheumatoid arthritis (RA) is a chronic inflammatory disease of unknown etiology and complex multifactorial pathogenesis, affecting approximately 0.8% of adults worldwide. RA is characterized by destructive inflammation of joints, with the eventual deterioration of the articular bone and cartilage (1, 2) . Improved understanding of the pathophysiology of RA has led to several effective therapeutic strategies for the treatment of RA, such as nonsteroidal anti-inflammatory drugs (NSAIDs), glucocorticoids (GCs), and disease-modifying anti-rheumatic drugs (DMARDs) (3, 4) . These drugs are relatively safe and effective in the short-to-intermediate-term treatment of RA. However, long-term use may result in various, sometimes severe, side effects (5) (6) (7) . While the management of RA continues to evolve with many new drugs (e.g. gene therapy) under investigation (3, 4, 8, 9) , most of them do not have arthrotropicity. Generally, this lack of tissue specificity combined with the ubiquitous distribution of the molecular targets may explain the significant systemic and extra-articular adverse events often associated with antirheumatic drugs (10, 11) .
The discovery of novel joint-specific molecular targets may address this problem head-on. From a practical angle, however, drug delivery offers a simple solution by incorporating the arthrotropism to available antirheumatic drugs (12, 13) .
These newly developed strategies capitalize on two unique pathophysiological conditions of RA joints: the enhanced vascular permeability to macromolecules, and the relatively acidic local environment. RA is characterized by synovial proliferation with chronic inflammatory cell infiltration and neovascularization (14) . These pathologic neoangiogenic vessels are similar to that in tumors and tend to exhibit disordered architecture and have enhanced permeability to macromolecules compared with normal vessels (15, 16) . The local inflammatory reaction in and around RA joint tissues also promotes an acidic environment known as acidosis. This is partially due to the low levels of oxygen in the synovial fluid, which appears to induce a shift towards anaerobic glycolysis and lactate formation (17, 18) . The pH values of synovial fluid had been reported as low as 6.0 (19) . Much lower pH values (4.4-5.6 ) in the synovial tissue have also been reported (20) (21) (22) .
The leaky vasculature of RA joint has been successfully exploited in targeted glucocorticoid therapy. Long-circulating liposomes loaded with GC could remain in the circulation with a long half-life and extravasate selectively into the inflamed joints with high concentrations. These formulations may increase the therapeutic index of GCs and enable their use as both shortterm treatment and prolonged therapy for RA (23) (24) (25) (26) .
Similar to the liposome approach, we found that synthetic water-soluble polymers, such as N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers have strong arthrotropicity when administered to adjuvant-induced arthritis rats (AIA) (13) . Based upon this finding, our group developed a HPMA copolymer-dexamethasone conjugate (P-Dex) with a pHsensitive drug activation mechanism that would further enhance the RA joint specificity of the delivery system (27) . Results from an initial in vivo evaluation suggested that the conjugate offers superior and longer-lasting anti-inflammatory effects when compared with free Dex. Greater bone and cartilage preservation is also observed with the P-Dex treatment. However, the inconsistency of drug-loading from batch to batch is a challenge that may hamper its translation into clinical application. This problem is largely due to the synthetic strategy that has been employed. As the modification of the HPMA copolymer precursor proceeds, unreacted pendent functionalities will be left with each polymer analogous reaction step. Regardless, the final Dex loading is hard to control.
To address this issue, a new pH-sensitive Dex-containing monomer has been designed, synthesized and reported in this manuscript. Direct copolymerization of this monomer with HPMA allows easy control of Dex loading in the conjugate. No unreacted pendent functionalities will exist in the drug conjugate. Reversible addition-fragmentation transfer (RAFT) polymerization was used to copolymerize the novel Dex-containing monomer with HPMA. This method provides better control of the polydispersity of the polymer drug conjugate. The therapeutic efficacy of this novel HPMA copolymer-Dex conjugate was evaluated using AIA rats.
MATERIALS AND METHODS

Materials
S,S′-Bis(α,α′-dimethyl-α″-acetic acid)-trithiocarbonate (28) , N,N-dioctadecyl-N′,N′-bis(2-hydroxyethyl)-1,3-propanediamine (LA) (29) , HPMA (30), N-methacryloylaminopropyl fluorescein thiourea (MA-FITC) (31) and N-methacryloylglycylglycine (MA-Gly-Gly-OH) (32) were prepared as described previously. Sephadex LH-20 resin was obtained from GE Healthcare (Piscataway, NJ, USA). Mycobacterium tuberculosis H37Ra (heat-killed, desiccated) was obtained from VWR International (West Chester, PA, USA). Paraffin oil (low viscosity, Bayol F) was obtained from Crescent Chemical Company, Inc. (Islandia, NY, USA). Dexamethasone (Dex) was purchased from Hawkins, Inc. (Minneapolis, MN, USA). All solvents and other reagents if not specified were purchased from Fisher Scientific (Pittsburgh, PA, USA) and used without further purification.
Instruments
H and
13 C NMR spectra were recorded on a 500 MHz NMR spectrometer (Varian, Palo Alto, CA, USA). The mass spectrum analyses were performed with a LC/MS/MS system composed of an ACQUITY Ultra Performance LC (UPLC) system (Waters, Milford, MA, USA) and a mass spectrometer of Sciex 4000 Q TRAP with an ESI source (Applied Biosystems, Toronto, Canada). All chromatographic separations were performed with a C 18 column (Waters, 100×2.1 mm, 1.7 μm). The mobile phase consisted of 5% ACN in MeOH (mobile phase A) and 7.5 mM ammonium acetate, pH 6 (mobile phase B). The LC flow consisted of 45% mobile phase A and 55% mobile phase B at a total flow rate of 0.3 ml/min. The weight average molecular weight (M w ) and number average molecular weight (M n ) of copolymers were determined by size exclusion chromatography (SEC) using the ÄKTA FPLC system (GE HealthCare) equipped with UV and RI (KNAUER, Berlin, Germany) detectors. SEC measurements were performed on Superdex 200 column (HR 10/30) with phosphate-buffered saline (pH=7.3) as the eluent. HPMA homopolymer (PHPMA) samples with narrow polydispersity were used as calibration standards. HPLC analyses were performed on an Agilent 1100 HPLC system (Agilent Technologies, Inc., Santa Clara, CA, USA) with a reverse phase C 18 column (Agilent, 4.6×250 mm, 5 μm). Bone mineral density (BMD) was measured with a pDEXA® Sabre™ X-ray bone densitometer (Norland Medical System, Inc., Fort Atkinson, WI, USA)
N-Methacryloylglycylglycine (MA-Gly-Gly-OH, 0.8 g, 4 mmol) was suspended in ethanol (15 ml) at 0°C (Scheme 1). Small amount of inhibitor (tert-octyl pyrocatechine) was added into the solution to prevent polymerization. N,N′-Dicyclohexylcarbodiimide (DCC, 0.9 g, 4.4 mmol) in ethanol (5 ml) was added into the reaction solution. The reaction mixture was stirred for 2 h at 0°C and 2 h at room temperature and then filtered to remove dicyclohexylurea (DCU) at 0°C. Hydrazine hydrate (0.4 ml) in ethanol (5 ml) was then added into the filtrate and the solution was stirred for 4 h at room temperature. When crystalline material started to precipitate, hexane (25 ml) was added and the final product was filtered and washed with ethanol-hexane (1:1, v/v). Yield=60%. 1 and Dex (390 mg, 1 mmol) were dissolved in methanol (9 ml) (Scheme 1). Acetic acid (0.5 ml) was added to the reaction solution as a catalyst. The solution was purged with Argon and stirred for 3 days at room temperature in a sealed ampule. After evaporation of the reaction solvent, the product was purified by flash column chromatography (chloroform/ethanol=8:1, v/v). Yield=30%. 1 
Scheme 2. Synthesis of HPMA copolymer-Dex conjugate (P-Dex) via RAFT copolymerization.
Trace amount of MA-FITC was also added into the copolymerization solution to afford the final product a fluorescent tag for easy detection in purification. The solution was purged with Argon and polymerized at 50°C for 2 days. The resulting polymer was first purified on a LH-20 column to remove the unreacted low molecular weight compounds, and then dialyzed. The molecular weight cutoff of the dialysis tubing is 25 kDa of globular protein. The polymer solution was lyophilized to obtain the final P-Dex. Yield=250 mg.
To quantify Dex loading in P-Dex, it was hydrolyzed in 0.1 N HCl (1 mg/ml) overnight. The resulting solution was neutralized and analyzed with HPLC. Mobile phase, acetonitrile/water=2/3; Detection, UV 240 nm; Flow rate, 1 ml/min; Injection volume, 10 μl. The analyses were performed in triplicate. The mean value and standard deviation were obtained with Microsoft Excel.
In Vitro Dex Release from P-Dex P-Dex (2 mg/ml) was dissolved in acetate buffer (0.01 M with 0.15 M NaCl, pH 5.0) or phosphate buffer (0.01 M with 0.15 M NaCl, pH 7.4) and incubated at 37°C. At selected time intervals, the P-Dex solution (0.3 ml) was withdrawn and neutralized for HPLC analysis. The analysis of each sample was performed in triplicate. The mean value and standard deviation were obtained with Microsoft Excel.
Treatment of AIA Rats with P-Dex
Male Lewis rats (175 to 200 g) were obtained from Charles River Laboratories, Inc. (Wilmington, MA, USA) and allowed to acclimate for at least 1 week. To induce arthritis, Mycobacterium tuberculosis H37Ra (1 mg) and LA (5 mg) were mixed in paraffin oil (100 μl), sonicated and injected subcutaneously into the base of the tail (33) . The progression of the joint inflammation was monitored daily. Special care was given to the rats as the inflammation developed to ensure access to water and food. All animal experiments were performed according to a protocol approved by the University of Nebraska Medical Center Institutional Animal Care and Use Committee and adhered to Principles of Laboratory Animal Care (National Institutes of Health publication 85-23, revised in 1985) .
Rats with established arthritis were selected and randomly assigned into three groups, P-Dex, free Dex, and saline, with six to seven AIA rats per group. Six healthy, untreated rats were also included as a control group. On the 14th day post arthritis induction, P-Dex (100 mg/kg, [Dex] PDex =100 mg/g of P-Dex) was given intravenously to one group of AIA rats. An equivalent dose of free Dex (10 mg/kg of free Dex in the form of water-soluble dexamethasone sodium phosphate) was divided into four aliquots (2.5 mg/kg of free Dex) and was administered (i.p.) to the second group of AIA rats on days 14, 15, 16, and 17. Saline was given similarly to the third group of AIA rats. The clinical measurements of ankle joints were performed daily. On day 24, all animals were euthanized. The hind limbs were dissected at the knee joint. The BMDs (right leg) of the region from distal tibia to the phalanges of the foot were measured by peripheral dual energy x-ray absorptiometry (pDEXA).
Clinical Measurements
The clinical parameters measured during the treatment included articular index (AI) score and ankle diameter. AI scores were taken for each hind paw by the same observer from day 8 to 24 and the sum of the score from each animal was recorded. The AI scoring for arthritis was performed using a 0-4 scale, where 0=no signs of swelling or erythema, 1=slight swelling and/or erythema, 2=low-to-moderate edema and signs involving the tarsals (proximal part of the hind paw), 3= pronounced edema with limited use of the joint and signs extending to the metatarsals, 4=excessive edema with joint rigidity and severe signs involving the entire hind paw. Clipper measurements of ankle diameter (medial to lateral) were taken every day from day 8 to 24 using a digital caliper (World Precision Instruments, Inc. Sarasota, FL, USA).
Histological Analysis
The hind limbs were isolated and fixed with buffered formalin (10%) for 3 days and decalcified with 12.5% (v/v) HCl for at least two days. The decalcification solution was replaced with fresh solution every 24 h. When decalcification was complete, the ankle joint was transected along the longitudinal plane to give approximately equal halves. Each half joint was then embedded in paraffin. Sections (5 μm thickness) from each ankle joint were cut approximately 200 μm apart and stained using a standard hematoxylin and eosin (H & E) staining method. The joints were histologically scored according to a grading system modified from the literature (34) . The histological changes of joints were graded on the following parameters: synovial cell lining hyperplasia (0-2); villous hyperplasia (0-3); mononuclear cell infiltration (0-3); polymorphonuclear leukocytes infiltration in periarticular soft tissue (0-3); cellular infiltration and bone erosion at the distal tibia (0-2) and cellular infiltration of cartilage (0-1) (Table I) . The histology score was then recorded for each ankle joint and summarized for each animal by two independent examiners (JT and KF), who were blinded to the treatment the animal received.
Statistical Methods
One-way analysis of variance (ANOVA) was performed followed by a post hoc test (Tukey-Kramer) for multiple comparisons using Instant Biostatistics (Version 3.0, GraphPad Software, La Jolla, CA, USA). A value of P<0.05 was considered statistically significant.
RESULTS
Syntheses of MA-Gly-Gly-NHN=Dex and P-Dex
As the first step in synthesis of MA-Gly-Gly-NHN= Dex, MA-Gly-Gly-NHNH 2 must be obtained. MA-GlyGly-OH was reacted with ethanol to form an ethyl ester. It was then hydrazinolyzed to obtain MA-Gly-Gly-NHNH 2 with about 60% of yield. This route was proved to be very simple with easy purification workup. To obtain the final hydrazone-containing Dex monomer, Dex was initially reacted with MA-Gly-Gly-NHNH 2 in DMF using acetic acid or HCl as a catalyst. The reaction was not successful. Switching solvent to methanol greatly improved the efficiency of reaction. After flash column chromatography, the final product was obtained with 30% of yield. The structures of MA-Gly-Gly-NHN=Dex (syn/anti diastereomers, ratio≈1:1, Scheme 3) were first revealed by 1 H and 13 C NMR spectra. They were then confirmed with LC/MS/MS analysis. Two peaks were found in the LC spectrum. They both yielded a strong molecular ion [M-H] − with a mass of 587.3 in the negative ionization mode, which agrees with the monoisotopic mass of 588.3 for MA-Gly-Gly-NHN=Dex. Using MS/MS analysis, the fragmentation patterns of the diastereomers were studied. The most abundant fragments were at 557.1 due to the loss of a hydroxymethyl group and at 180.0 due to the breakage of the bond between MA-Gly-Gly-NH and N=Dex with additional loss of a H 2 O molecule. Using AIBN as the initiator and S,S′-bis(α, α′-dimethyl-α″-acetic acid)-trithiocarbonate as the RAFT agent, MA-Gly-Gly-NHN=Dex (unseparated diastereomers) was copolymerized with HPMA. After purification with LH-20 column and dialysis, the FPLC analysis results showed that the weight average molecular weight (M w ) of P-Dex is 34 kDa with a polydispersity index (PDI) of 1.34, which is narrower than a regular free radical polymerization of HPMA (PDI=1.5-1.6). The Dex content in the P-Dex was determined as 100 mg/g of P-Dex. Conversion of MA-Gly-Gly-NHN=Dex in the copolymerization is about 50%. When the feed-in ratio of Dex monomer changed, the convention ratio was kept at about 50%. The HPLC analysis showed that 99.2% of Dex content was covalently conjugated to the polymer. The 0.8% free Dex detected in the purified PDex may come from the dialysis step. This conjugate was used for in vitro Dex release study and in vivo treatment study of the AIA rats.
In Vitro Dex Release from P-Dex
The in vitro Dex release was studied by incubating P-Dex in pH 5.0 and pH 7.4 at 37°C (Fig. 1) . Under neutral condition, there is almost no Dex release from P-Dex; while at pH 5.0, Dex was gradually released from the conjugate. During the course of the experiment (14 days), P-Dex demonstrated a zero-order release at pH 5.0. The release rate of Dex from PDex is about 1% of the loaded drug per day.
Clinical Evaluations of AIA Rats Treated with P-Dex, Free Dex and Saline
The therapeutic effect of P-Dex was evaluated on AIA rats in comparison with free Dex, saline and healthy controls. On day 8 to 9 post arthritis induction, the disease started with the onset of mild swelling and increased ankle diameter (Figs. 2 and 3) . The ankle joint inflammation continues to worsen, and by day 13 to 14, the swelling started to plateau. All treatments were initiated on day 14. The response to treatments of both free Dex and P-Dex were immediate and very significant. As shown in Figs. 2 and 3 , ankle size and AI scores for these two groups were greatly reduced on day 15. The animals were more mobile and active. Upon cessation of the free Dex treatment on day 18, inflammatory flare was observed, with a rapid decrease in mobility. By the end of the study on day 24, the animals that had been treated with free Dex were indistinguishable from those in the saline group in terms of ankle diameter and AI scores. Contrary to the free Dex treatment, single P-Dex treatment strongly suppressed the ankle joint inflammation during the entire course of the treatment. It was maintained at the end of the study (euthanasia on day 24).
BMD Assessment
The measurement of BMD from distal tibia to the phalanges of the foot of all animals was performed at the end of the study (Fig. 4) . One-way analysis of variance (ANOVA) produced a P value of less than 0.01, considered significant. The saline group was found to have the lowest mean BMD values of 0.156, followed by free Dex group (BMD=0.165) and P-Dex group (BMD=0.175). The healthy control group showed the highest mean BMD value of 0.178 among the four groups. From the pDEXA images, we found that the major bone destruction of arthritic joints happened at distal tibia, with minor BMD reduction at carpal and metacarpal bones.
Histological Evaluation of Ankle Joints
As shown in Fig. 5 , the saline group was found with the highest histological score of 12.8, indicating severe inflammation and joint destruction. It was followed by free Dex group with a slightly lower score of 9.3. P-Dex treatment, on the other hand, shows the lowest histology score of 1.3, which is very close to the score of 0 of the healthy reference group. One-way analysis of variance (ANOVA) produced a P value of less than 0.0001, considered significant. Fig. 6 composes of photomicrographs of representative H & E sections from each group. All animals from the saline treated group showed the highest scores in each parameter of histological grading. Severe bone destruction of the distal tibia and cartilage erosion of the joint are present. In the free Dex treatment group, synovial cell lining and villous hyperplasia are moderate in most of the cases. Polymorphonuclear leukocyte infiltration into periarticular soft tissue fluctuated between mild and moderate levels. Bone and cartilage destruction was present in all cases. Compared to these two groups of animals, P-Dex treatment demonstrates the best anti-inflammatory effect with profound bone and cartilage protection. Polymorphonuclear leukocyte infiltration into periarticular soft tissue, cellular infiltration of cartilage, cellular infiltration and bone destruction at the distal tibia are absent in most cases, which is similar to the healthy control group. Thin rim of synovial cell lining with mildly increased cellular activity was observed, suggesting the presence of minor synovitis.
DISCUSSION
Development of drug delivery strategies for the improved treatment of rheumatoid arthritis is an emerging research area. Instead of searching for new molecular targets, it seeks to improve the therapeutic efficacy and safety profile of current available therapies. Due to the angiogenesis and leaky vasculature associated with inflammatory joints, macromolecules and colloidal vesicles can extravasate preferentially at arthritic joints (12, 13) . Based on this pathological arthrotropism, long-circulating liposome have been proposed as a vehicle to deliver glucocorticoids to arthritic joints for the treatment of RA (23) (24) (25) (26) . Similarly, our group has found that synthetic water-soluble polymers such as HPMA copolymers could also passively accumulate in arthritic joints. The single administration of a pH-sensitive HPMA copolymer-Dex conjugate was able to suppress joint inflammation for 10 days (27) . Between these two delivery systems, liposome formulation is certainly easier to prepare. The pH-sensitive HPMA copolymer-Dex conjugate, on the other hand, has much better control in drug activation and release because the drug is covalently conjugated to the polymer carrier via hydrazone bond that can be activated at the arthritic joints via local acidic environment (acidosis and/or lysosome).
Polymer analogous reaction was used in the initial synthesis of HPMA copolymer-Dex conjugates (27) . While it was proven to be a very simple strategy, the inherited inconsistency of drug loading from batch to batch and residual pendent functionalities (-COOH and -CONHNH 2 ) of the method may impede the translation of this promising therapy into clinical applications. To resolve these problems, a new synthetic route was designed. First, a pH-sensitive Dex- Fig. 2 . The change of right ankle joint diameter of the four animal groups (P-Dex, Dex, saline and healthy) during the entire experiment. Fig. 3 . The change of articular index (AI) score of the four animal groups (P-Dex, Dex, saline and healthy) during the entire experiment.
containing monomer, MA-Gly-Gly-NHN=Dex was synthesized (Scheme 1). It was copolymerized with HPMA (Scheme 2). By doing this, it was possible to precisely control the drug-loading ratio and completely avoid the residual pendent functionalities.
The synthesis of MA-Gly-Gly-NHNH 2 was done by hydrazinolysis of the ethyl ester of MA-Gly-Gly-OH at room temperature with simple purification workup. However, the synthesis of MA-Gly-Gly-NHN=Dex has proven to be very difficult because both the reactant and the product can polymerize prematurely. To dissolve both Dex and MA-GlyGly-NHNH 2 for the reaction, DMF was first selected as the solvent with acetic acid as catalyst. After a 3-day reaction at room temperature, no product was formed even at an 1:1 molar ratio of catalyst to reactant. When the reaction temperature was elevated to accelerate the reaction, polymerization occurred. When HCl was tested as the catalyst, several byproducts were formed, which cause the purification to be extremely difficult. After several trials, methanol was selected as the best reaction solvent. MA-Gly-GlyNHN=Dex was obtained as the main product at room temperature with acetic acid as the catalyst. The yield was 30%, which needs further improvement. This is partially due to fact that a rather mild reaction condition was selected to avoid premature polymerization during the synthesis. From NMR spectra of the product, C-3 carbonyl (not C-18) was found to react with MA-Gly-Gly-NHNH 2 to form a hydrazone bond. Flash column chromatography was used to separate the product from the reactants (>50% of Dex was not reacted) and small amount of side products. As we did not analyze the side products, the potential of reaction at C-18 carbonyl can not be ruled out. Compounds containing hydrazone functional groups are known to often exist as diastereomers (35, 36) . The presence of an additional nitrogen atom decreases the C=N double bond character of the π-system and facilitates isomerization (37) . Both the NMR and LC/MS/MS results confirmed the existence of syn/ anti diastereomers of MA-Gly-Gly-NHN=Dex (Scheme 3) with a molar ratio close to 1:1. Because the cleavage of the hydrazone bonds in both diastereomers would produce Dex, they were not further separated but used directly in the next step to synthesize HPMA copolymer-Dex conjugate.
HPMA copolymers are biocompatible, nonimmunogenic and nontoxic. It is the most extensively studied drug carrier, with more than half of all polymeric drug conjugates in clinical evaluations based on this polymer (38) (39) (40) . HPMA copolymers are generally prepared by free radical copolymerization and have a regular PDI of 1.5-1.6. Due to the impact this wide polydispersity may have on pharmacokinetics, safety and efficacy of polymer therapeutics, a narrower PDI is very desirable. Recently, reversible addition-fragmentation transfer (RAFT) polymerization has emerged as an alternative controlled radical polymerization technique because it can lead to the synthesis of many well-defined polymers with predictable molecular weights, and it works very well with most acrylic derivatives including acrylic acid (41, 42) . Several carboxyl-terminated trithiocarbonates have been developed as novel RAFT agents (28) and used in RAFT polymerization of different monomers, including HPMA (43) . These trithiocarbonates have extremely high chain-transfer efficiency and can yield polymers with narrow polydispersity and predictable molecular weights. In this study, RAFT polymerization was used to copolymerize MA-Gly-Gly-NHN=Dex and HPMA with S,S′-bis(α,α′-dimethyl-α″-acetic acid)-trithiocarbonate as the RAFT agent. After extensive optimization of the polymerization conditions, the M w of P-Dex obtained for our animal studies was 34 kDa with a PDI of 1.34, which is significantly lower than traditional free radical copolymerization of HPMA. The incorporation efficacy of MA-Gly-Gly-NHN=Dex into PDex is about 50%. This conversion ratio remained constant when the feed-in ratio of the Dex monomer was changed. Thus, the drug loading in the HPMA conjugate can be precisely controlled and repeated simply by maintaining the monomer feed-in ratio. Further improvement is still needed to increase the Dex monomer conversion ratio while retaining the narrow PDI of the copolymer conjugate.
For the newly synthesized P-Dex, it was necessary to demonstrate the same pH-sensitivity as the HPMA copolymer-Dex conjugate we synthesized previously with polymer analogous reaction (27) . This feature is critical for the delivery system, as it will allow for the activation and release of Dex in the arthritic joints, where joint acidosis and the low pH of lysosomes will act as the local activation triggers. As can be seen in Fig. 1 , the release of Dex from the conjugate was indeed pH-sensitive. At pH 5.0, the Dex release from the conjugate is of zero order. This is similar to our previous results from HPMA copolymer-Dex conjugate synthesized with polymer analogous reaction (27) . The release rate is around 1% per day. Under neutral condition, the release of Dex from P-Dex is extremely low, which ensures that the drug conjugate would not be activated prematurely in the circulation. While this in vitro experiment proved the pHsensitivity of the newly synthesized P-Dex, we suspect that the release rate of Dex from the conjugate in the arthritic joint may be faster, as suggested by the data of the in vivo experiment.
To test the therapeutic efficacy of P-Dex in vivo, P-Dex was administer to AIA rats on days 14th post arthritis induction as a single bolus i.v. administration. Equivalent dose of free Dex was made into four aliquots and administered i.p. on days 14-17. Saline group and healthy group were used as two control groups. As can be seen in Figs. 2 and 3 , both AI score and the ankle diameter showed dramatic decreases after the initiation of the P-Dex and free Dex treatments, which can be attributed to the well-known potency and fast action of GCs. This result indirectly suggests that the activation of P-Dex is immediate (and probably faster than the in vitro release), due to the acidic environment in arthritic joints. The activation may also happen post endocytosis in the lysosomes of macrophage-like synoviocytes. The two treatment groups started to differentiate right after the last dose of free Dex. Arthritis flare happened immediately in the free Dex group, while the P-Dex group continued the healing process until the end of the study. At the end point, the AI score and ankle diameter of the free Dex group is at the same level as the saline group. The P-Dex group, on the other hand, is very similar to the healthy group. Compared to free Dex, the anti-inflammatory effect of P-Dex is clearly much longer. The retention of the polymeric drug conjugate in arthritic joints (13) and the gradual activation (low pH mediated) of Dex may together contribute to the observed superior anti-inflammatory effect of P-Dex.
Bone and cartilage destruction are often associated with RA joints. To investigate if P-Dex would preserve bone, we performed endpoint BMD evaluation of the arthritic joints from different treatment groups. From Fig. 4 , it is obvious that both free Dex and P-Dex treatments provide bone preservation when compared to the saline group. This may be attributed to their immediate suppression of joint inflammation after administration. This result clearly echoes the disease modifying effects of low dose glucocorticoids observed in human clinical trials (44) . The mean BMD of the PDex treated group is higher than the group treated with free Dex group, suggesting that the prolonged suppression of inflammation by P-Dex offers better protection to the bone.
Synovial hypertrophy and villous hyperplasia is the major histopathological characteristics in the early stages of RA. The ongoing synovitis, especially the invasive pannus tissue leads to the destruction of the joint cartilage and bone if effective treatment is not initiated. To gain a better understanding of different treatments on joint inflammation at the microscopic level, the isolated joints were decalcified, sectioned and evaluated histologically (Figs. 5 and 6 ). The histological grading showed dramatic difference among the treatment groups. While the free Dex group seems to offer some clinical improvement, it is not comparable to the strong and long lasting anti-inflammatory and joint protective benefits provided by the P-Dex treatment. We do not know if the very mild synovial cell lining and villous hyperplasia observed in P-Dex group is the result of an ongoing healing process or the prelude of the arthritic flare.
From the data obtained, it is obvious that the P-Dex has a superior and long lasting therapeutic effect for the treatment of RA when compared to free Dex. It was also confirmed that the therapeutic efficacy of the newly synthesized P-Dex was comparable to the HPMA copolymer-Dex conjugate synthesized previously using polymer analogous reaction (27) . As a unique advantage, the new P-Dex has a well-define chemical structure, which will facilitate its translation into clinical applications.
While further development of the new P-Dex is very promising, many questions still remain. The huge potential of P-Dex in reducing the systemic side effects of GCs have not been fully investigated due to the lack of a proper animal model; The mechanism of long lasting therapeutic benefits of P-Dex needs to be elucidated; The study was ended 10 days post treatment initiation due to the concern of the welfare of the saline group. Therefore, it is still not clear how long the therapeutic effect of P-Dex will last beyond this 10 days period. This question is clinically relevant because a once-amonth infusion will certainly have a better patients' compliance than a once-a-week infusion.
CONCLUSION
A novel pH-sensitive Dex-containing monomer (MAGly-Gly-NHN=Dex) was designed, synthesized and copolymerized with HPMA using RAFT copolymerization. The resulting P-Dex has a well-defined structure, controllable molecular weight and low PDI. The Dex loading in the conjugate can be simply controlled by adjusting monomer feed-in ratio. The in vivo evaluation showed that the newly synthesized P-Dex offers superior and longer-lasting antiinflammatory effects when compared to free Dex. This finding confirms the previous finding with HPMA copolymer-dexamethasone conjugate synthesized via polymer analogous reactions. The development of this well-defined polymer-drug conjugate is one step further to its clinical application. Additional research efforts are warranted to elucidate its full therapeutic potential.
